Background. The understanding of dengue virus (DENV) transmission dynamics and the clinical spectrum of infection are critical to informing surveillance and control measures. Geographic cluster studies can elucidate these features in greater detail than cohort studies alone.
Dengue virus (DENV) causes more human morbidity and mortality than any other arboviral disease. Each year, an estimated 3.6 billion people are at risk, 36 million develop dengue fever (DF), 2.1 million develop severe dengue hemorrhagic fever (DHF)/ dengue shock syndrome, and 21 000 die [1] . Much of the available epidemiologic and clinical data on dengue are based on passive reporting. An improved understanding of both the patterns of DENV transmission and clinical spectrum of infection would improve public health surveillance and inform mitigation strategies. Prospective cohort studies in Thailand [2] [3] [4] [5] [6] , Indonesia [7, 8] , Nicaragua [9] , Vietnam [10] , and Peru [11, 12] are addressing knowledge gaps by providing a more comprehensive picture of the spectrum of DENV infection from clinically inapparent infection to severe disease. These increasingly detailed datasets have revealed marked spatial and temporal heterogeneity in the intensity of DENV transmission and the ratio of inapparent-to-symptomatic infections [13] . To further explore the range of DENV infection outcomes, especially with regard to inapparent infections that may contribute to transmission dynamics, we and others have initiated studies incorporating geographic cluster designs [6, 14, 15] in which symptomatic DENV infections trigger sampling of people who live in close proximity to an individual with a documented DENV infection. Geographic cluster studies can elucidate transmission dynamics on a finer spatial and temporal scale than is possible with longitudinal cohort studies, thus allowing increasingly detailed analysis of the factors that affect transmission dynamics.
We previously published the findings from the first 2 years of a 4-year combined longitudinal cohort and geographic cluster study in Kamphaeng Phet, Thailand [6] . Those data indicated that DENV transmission in rural locations occurs in a remarkably focal manner and suggested that environmental factors may influence transmission risk. In the current report, we present a more detailed analysis of the full 4-year prospective study, which includes a transition in the predominant circulating DENV serotype. Our results indicate that many DENV infections that were considered clinically inapparent in the longitudinal cohort were, in fact, viremic and therefore potentially contributed to DENV transmission.
METHODS

Ethics Statement
The study protocol and informed consents were approved by the institutional review boards of the Thai Ministry of Public Health, Walter Reed Army Institute of Research, University of Massachusetts Medical School, University of California, Davis, and San Diego State University.
Study Location and Population
Our study methodology was previously described [6] . In brief, the study was conducted at 11 primary schools in Muang district, Kamphaeng Phet province, in north-central Thailand. Students attending the 11 schools came from 32 villages consisting of >8445 houses. Demographics of house residents and house spatial coordinates were geocoded into a geographic information system database (MapInfo [2000] version 6.0; MapInfo Corporation).
Prospective Longitudinal Cohort and Geographic Cluster Investigations
From 2004 to 2007, a dynamic prospective longitudinal cohort of approximately 2000 primary school children in kindergarten through grade 6 was followed by active school absencebased surveillance during June to November [5, 6] . An acute blood sample was drawn from cohort subjects who reported a fever in the previous 7 days or who had a measured temperature of ≥38°C. A convalescent blood sample was drawn 14 days later along with an evaluation of symptoms. Acute blood samples underwent dengue testing, including semi-nested reverse-transcriptase polymerase chain reaction (PCR) for detection of DENV RNA [16, 17] . Cohort subjects who were dengue PCR positive from an acute blood sample drawn within 3 days of illness onset served as an "index" case for a positive cluster investigation around the subject's house. Cohort subjects who were dengue PCR negative served as an "index" case for a negative cluster investigation (Figure 1 ). When possible, paired positive and negative clusters were carried out in the same village, within 5 days of each other.
In each cluster, 10-25 children aged 6 months to 15 years living within a 100-meter radius of the index case were enrolled regardless of symptomatology. These contact subjects were evaluated at days 0, 5, 10, and 15 with temperature measurement and symptom questionnaire concerning the previous 5 days. Blood samples were collected on days 0 and 15.
Paired acute and convalescent blood samples from febrile cohort subjects were tested using an in-house dengue/Japanese encephalitis immunoglobulin M (IgM)/immunoglobulin G (IgG) capture enzyme immunoassay (EIA) [18] . Paired day 0 and day 15 blood samples from cluster contact subjects were tested by both dengue PCR and IgM/IgG EIA. Virus isolation was attempted in C6/36 cells from selected cohort and cluster dengue PCR-positive samples [16] .
Each year, cohort subjects underwent scheduled phlebotomy in May and January, before and after the peak dengue transmission season. Paired pre-and postseason blood samples were tested by hemagglutination inhibition (HAI) Figure 1 . Study design overview. Abbreviation: PCR, polymerase chain reaction.
assay [19] for all 4 DENV serotypes and Japanese encephalitis. Samples that had a 4-fold rise in HAI titers were retested by serotype-specific plaque reduction neutralization testing (PRNT) for DENV and Japanese encephalitis to confirm DENV seroconversion [20] .
Study Definitions
Subjects were considered to have "acute" DENV infection if their acute and/or convalescent blood samples (or day 0 and/ or day 15 blood samples in cluster contacts) were dengue IgM positive; or, if IgM was negative, IgG was positive with rising titer. Subjects had "recent" DENV infection if IgM was negative but IgG was positive with declining titer. These were further categorized as "primary" infections if the IgM to IgG ratio was ≥1.8 and "secondary" infection if the ratio was <1.8 [18, 21] .
Within the cohort, subjects with DENV infection were clinically characterized as having "symptomatic" infection, "inapparent" infection, or "unclassified" infection. Symptomatic DENV infection was defined as any febrile illness (reported or measured fever) associated with a positive dengue EIA from the acute and/or convalescent blood sample. These symptomatic infections were further classified as hospitalized DF if a hospitalized subject met World Health Organization (WHO) 1997 criteria for DF, and as DHF if he/she met WHO 1997 guidelines for DHF [22] . "Inapparent" DENV infection was defined by paired pre-and postseason blood samples that showed a rise in dengue HAI and PRNT titers but was not associated with a symptomatic DENV infection between May and January. DENV infections in the cohort were defined as "unclassified" if paired pre-and postseason blood samples showed a rise in dengue HAI and PRNT titers and the subject had a febrile illness between May and January but did not have acute/convalescent blood samples collected at the time of the febrile illness. Within the clusters, contact subjects with DENV infections were clinically characterized as being febrile, afebrile with other symptoms, or asymptomatic (ie, no detectable symptoms). Contact subjects who were dengue PCR positive on day 15 but did not have serological confirmation owing to lack of follow-up after day 15 were considered as having DENV infection. They were not, however, included in the analysis of clinical characteristics because no follow-up data were available.
Entomological Studies
On day 1 of each cluster investigation, adult Aedes aegypti mosquitoes were collected using backpack aspirators from inside and within the immediate vicinity of each house within a cluster. Immature A. aegypti (larvae and pupae) were collected from development sites (eg, containers with water) using the shape, use, and material method [23] . After mosquito collections were complete, a pyrethrin mixture insecticide spray (BP-300: Pyronyl oil concentrate OR-3610A, Prentiss Inc) was applied by ultralow volume aerosol inside and around each house to kill adult mosquitoes [24] . Temephos was applied to artificial water holding containers to kill immature mosquitoes. On day 7, the Thai Ministry of Public Health (MOPH) sprayed deltamethrin or permethrin 10% in and around each house in a cluster according to the standard procedures of the MOPH.
Statistical Analyses
Data were analyzed using IBM SPSS for Windows, version 19, and Stata Statistical Software, version 10. Demographic, environmental, and entomological parameters were analyzed at the cluster and house levels. Positive and negative clusters were compared using independent t test weighted by the number of houses per cluster. Student t test or analysis of variance was used to determine differences in continuous variables. The χ 2 test was used for proportions.
RESULTS
Characteristics of the Prospective Cohort Population
The prospective cohort ranged in size from 2060 to 2088 subjects at the start of each surveillance season with ages ranging from 4 to 15 years and a male-to-female ratio of 1.1:1. A total of 7103 school absences were evaluated during the 4-year study, 3055 (43%) of which were associated with reported or measured fever; 2638 subjects (86.4%) underwent acute and convalescent blood collection ( Figure 1 ; Table 1 ).
Occurrence and Clinical Spectrum of DENV Infection in the Cohort Population
There were 189 EIA-confirmed symptomatic DENV infections in the cohort ( Of the 189 EIA-positive symptomatic DENV infections, 147 (77.8%) were dengue PCR positive. All 4 DENV serotypes were recovered. DENV-1 (46.9%) and DENV-4 (36.7%) were most commonly identified. DENV-4 was predominant during the first 2 years; DENV-1 was predominant in the last 2 years (Table 1) .
There was wide diversity in dengue incidence at different schools and in different years of the study, even though some schools were in close proximity (Figure 2 ).
DENV Transmission Within Geographic Clusters
A total of 103 cluster investigations were initiated during the study: 50 positive clusters with 805 contact subjects and 53 negative clusters with 794 contact subjects ( Table 2) . One hundred twenty-nine (16.0%) contacts had DENV infection in positive clusters; only 9 (1.1%) had infection in negative clusters (P < .0001). Of the 129 DENV infections in positive clusters, 119 had EIA results consistent with DENV infection; the other 10 infections (in 8 different clusters) had only a positive The overall proportion of positive clusters in which DENV infection was detected in contact subjects was 38 of 50 (76%). The proportion of negative clusters with DENV infection was 6 of 53 (11%). The DENV infection rate among positive clusters was highly variable (Figure 3) . Demographic, environmental, and entomological factors were not significantly different between positive and negative clusters (Table 3) . Similarly, there were no significant differences in measured demographic, environmental, or mosquito density parameters between houses with DENV infections versus those without DENV infections in positive clusters (data not shown).
Clinical Spectrum and Virological Features of DENV Infection in Geographic Clusters
Of the 119 dengue EIA-positive contact subjects in positive clusters, 71 (59.7%) were febrile, 24 (20.2%) were afebrile with other symptoms, and 24 (20.2%) were asymptomatic. The ratio of afebrile to febrile infections in positive clusters was 0.7:1 for the entire study, ranging from 0.4:1 to 1.2:1 depending on year (Table 4 ). When the presence or absence of any symptom was used as the distinguishing criterion, the ratio of asymptomatic infection to infection with any symptom was lower, with a narrow range of 0.2:1-0.3:1 depending on the year (although it is possible that some of these symptoms, Figure 3 . Range of dengue virus (DENV) infection rates among contact subjects in individual positive clusters. especially among the afebrile contacts, may have been coincidental and not truly due to DENV infection). Thirty-one dengue EIA-and/or PCR-positive cluster contacts were also cohort subjects simultaneously involved in active surveillance at the time of the cluster investigation. Only 8 of these 31 were detected as symptomatic DENV infections by cohort surveillance. Of the remaining 23 infections, 16 were classified as "inapparent" dengue in the cohort based on pre-and postseason HAI. Seven were not detected as either inapparent or symptomatic dengue in the cohort. Of the 16 subjects with "inapparent" infections, 12 reported fever during the cluster investigation but had not missed school based on cohort surveillance; 3 were afebrile with other symptoms; 1 was asymptomatic. Of the 7 subjects with infections not detected in the cohort, 4 were febrile and 3 were afebrile with other symptoms.
Dengue viremia was detected by PCR in 34 of the 71 febrile dengue EIA-positive contact subjects in positive clusters. Dengue viremia was detected by PCR and culture in 9 of the 16 febrile DENV-infected children in the clusters (12 HAI positive, 4 HAI negative) who did not miss school (4 DENV-1, 5 DENV-4). Dengue viremia was detected by PCR and culture in only 2 of 24 infected children in clusters who were afebrile with other symptoms, and in only 1 of 24 asymptomatic infected children. Viremia in the 2 children who were afebrile with other symptoms and 1 asymptomatic child was due to DENV-4 in a single cluster. Not all viremias would have been detected given the 15-day interval between blood collections in the clusters.
DISCUSSION
By linking a prospective longitudinal cohort with geographic clusters, we obtained information about DENV transmission and the clinical spectrum of infection that has not been available from other studies. The previously reported focal nature of DENV transmission risk within 100 meters of an "index" viremic infection [6] was confirmed in the full 4-year study. Although clinically inapparent DENV infection rates have been estimated in other studies [25] , this is the first study to demonstrate the low rate of infections having no detectable symptoms. Our results support the potential role of children with mildly symptomatic viremic infections in DENV transmission. These mild infections would otherwise have been characterized as clinically inapparent in school absence-based cohort studies. Our findings are subject to several limitations. First, our study population included only children. We did not address the role of adults in DENV transmission. Second, movement patterns of cohort and cluster contact subjects and the risk of DENV infection related to the various places they visited were not determined. Describing the epidemiologic impact of adults and appropriately measuring human movement patterns would help better define the spatial and temporal scale for dengue surveillance and control.
DENV-4 was the most commonly detected serotype during the first 2 years of the study. This serotype was uncommon during the earlier cohort study reported by Endy et al [5] . The predominant serotype changed to DENV-1 in 2006, the same year when dengue incidence was highest and the inapparentto-symptomatic infection ratio was lowest. Endy et al similarly detected a negative association between dengue incidence and inapparent-to-symptomatic infection ratio for individual schools [13] . A 4-year cohort study of children in Nicaragua [9] reported a shift in predominant serotype from DENV-1 to DENV-2 coincident with the highest dengue incidence and a decrease in inapparent-to-symptomatic infection ratio from the previous year. Introduction of a new predominant serotype into a relatively susceptible population may lead to an overall increase in incidence in concert with a lower proportion of inapparent infections. One possible explanation is that the susceptible population may have preexisting cross-reactive, nonprotective immunity to the newly introduced serotype, thus promoting immune enhancement leading to a lower inapparent-to-symptomatic infection ratio.
The 2006 season, when dengue incidence in the cohort population was highest, was the only year in which a significant number of DENV infections were detected in negative clusters. Eight DENV infections were detected in 5 different negative clusters in 2006 (infection rate, 3.4%), compared with only 1 infection detected in negative clusters during the other 3 years combined (Table 2) . Although the DENV infection rate in positive clusters was also highest in 2006 (18.3%), the infection rate in positive clusters was also high during the other 3 years (range, 10.6%-16.1%), indicating that focal clustering of DENV transmission occurs in both high-and lowincidence years. In high-incidence years, however, additional transmission risk is dispersed over a larger geographic area, likely reflecting the more dispersed, larger number of immunologically susceptible hosts. These kinds of heterogeneities in patterns of transmission will be important to take into account when predicting virus transmission patterns, for example, during vaccine trials.
Positive and negative clusters were not distinguishable by any of the demographic, environmental, or entomological factors that were evaluated. This suggests that mosquito densities were high so that entomological thresholds for DENV transmission were exceeded and that, in this setting, preexisting immunity, at both the individual and population levels, played a more important role than mosquito population density in determining transmission patterns. To test this hypothesis directly would require collection of pre-illness blood samples from cluster contacts. Mammen et al reported from the first 2 years of our study that piped water and A. aegypti pupae per person were higher in positive than negative clusters [6] . Those relationships were not statistically significant when all 4 years of the study were taken into account. Relevant risk factors during lower-incidence years (ie, first 2 study years) may have been overshadowed by other determinants of transmission, such as host immunity, when the force of infection was higher (ie, second 2 study years).
The overall ratio of inapparent-to-symptomatic infection in the cohort was, based on the definition of inapparent infection that we used, an overestimate. Of the 16 cluster contacts with DENV infection who could be simultaneously characterized as having "inapparent" infection in the cohort, 12 did, in fact, report fever in the cluster investigation. Asymptomatic infections accounted for only 20% of all DENV infections in positive clusters. As suggested by other investigators [11] , the different surveillance and sampling methods used in the 2 components of our study most likely contributed to these differences. Cohort subjects were evaluated for acute illness only when they were ill enough to be absent from school. Cluster contacts were evaluated whether or not they felt ill, which resulted in detection of milder DENV infections. The design of vaccine trials will benefit by accounting for these kinds of differences in surveillance sensitivities.
Nine of 16 febrile children with DENV infections in the clusters who did not miss school had detectable viremia by PCR and culture, suggesting that these individuals were potentially infectious to mosquitoes and could participate in the spread of DENV. These 16 children with mild febrile infections were more likely to be viremic when sampled than the 48 children with DENV infections in the clusters who were afebrile with other symptoms or were asymptomatic. If human movement plays an important role in DENV spread to geographically disparate locations [26] [27] [28] , individuals with mild febrile viremic infections could contribute disproportionately to virus spread given their proven mobility as demonstrated by continued school attendance. In contrast, individuals with symptomatic viremic infections who miss school could potentially play a lesser role in transmission if they are homebound and geographically restricted for part of their illness. Investigators in other cluster studies have reported occasional viremia in asymptomatic individuals [14, 15] . Blood transfusion studies have also revealed viremia in subclinical blood donors [29, 30] . Our study detected a larger group of mildly symptomatic viremic individuals who may be more important contributors than previously recognized to overall patterns of DENV transmission.
Our study design, which linked geographic clusters to a longitudinal cohort, allowed fine-scale spatial and temporal study of DENV transmission. Results from this approach are relevant to improved strategies for the prevention and management of dengue. The focal and heterogeneous nature of DENV transmission may warrant the use of more intensive and targeted interventions guided by local surveillance within the context of broad-scale dengue management efforts. More thorough investigation is warranted, particularly on the role of inapparent/mild DENV infections in promoting virus spread and the challenges that human movement presents for the assessment and implementation of dengue control efforts.
Notes
